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SUMMARY OF PROGRESS 

We have been studying the vibrational spectra from 4000 t o  33 cm-l of 
several molecules which may be present i n  the atmosphere of the Jovian planets. 

These studies have been made t o  provide vibrational frequencies which can be 

used to: 

planets ; (2) provide structural informati on under favorable circumstances; 

(3) provide necessary data from which accurate thermodynamic data can be 

calculated; (4) and furnish information as t o  the nature of the potential 

(1) determine the compositions of the cloud covers of several of the 

energy function of the molecules and forces acting w i t h i n  them. 
1 Gerard P. Kuiper has pointed out that  the Jovian atmospheres are 

expected t o  contain H2,  He, N E ,  H20, NH3, CH4, Ar and possibly SiH4" He has 

also l i s ted  a number of other gases tha t  should be considered because they 

are composed of f a i r ly  ,abundant atomic species and have bo i l ing  points below 

120°C [see Table 8, p c ~ ~  349-350 of reference (1)Ie 

' I  

He has also pointed out 

that  u n t i l  more is known about the atmospheres of the planets i t  is  useful t o  

keep a f a i r ly  large number of possible constituents i n  mind i n  planning further 

spectroscopic work. 
$ 

Some of the molecules which we have studied can be produced photochemically 

from methane, ammonia, and hydrogen sulfide w h i c h  are thought  t o  be constituents 

of the planets w i t h  reducing atmospheres, Some of the compounds will polymerize 

under ul t raviolet  radiation and drop out o f  the atmospheres. However, planets 

w i t h  a hot base, like that  of Jupiter, may rebuild molecules destroyed photo- 

chemi cally. Therefore, we have used these cri,teria i n  selecting the compounds 

which we have studied. 
2 cules of astrophysical interest we s tud ied  hydrazine and methylamine. However, 

there are several other small molecules which  contain hydrogen, carbon and 

nitrogen which also should be possible constituents o f  the reducing atmospheres 

In our i n i t i a l  work on the vibrational spectra of mole- 
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and we previously selected methyl hydrazi ne4, unsymmetrical dimethyl hydrazine 5 

symmetrical dimethylhydrazine6, propylene imine7, and 1-pyrazoline 8 for our 

studies. A study on HNCS and DNCS has been completed and a copy of the paper 

as submitted t o  the journal, Molecular Crystals and Liquid Crystals, can be 

found i n  Appendix I. 

Closely related to  these nitrogen containing compounds has been our work 

on the carbonyl containing molecules. We have previously reported work on 
carbon trioxide’, trifluoromethyl peroxide”, ethylene carbonate 11 , 

y-butyrolactone” , cyclopentanone”, oxalyl chloride”, glyoxal l3  and oxalyl 
14 bromide . In a continuing study of oxalyl halides, we have completed an 

investigation of oxalyl fluoride and a copy of the paper as submit ted to  the 

Journal of Chemical Physics is  presented i n  Appendix 11. 
I 

Molecules i n  the series of halogenated oxalic acids have been the subject 

of considerable controversy, w i t h  respect t o  the possibility of - cis or  - trans 

s t ruc iwe,  or both: 15-22 Recent work a t  this laboratory has shown oxalyl 

chloride’* and bromide14 t o  ex is t  i n  both isomeric forms i n  l i q u i d  and vapor 

phases. 

complete conversion t o  the - trans form upon solidification. The l a s t  reported 

vibrational study of oxalyl fluoridez0 concluded the molecule exists i n  only 

the - trans form, and the spectra were interpreted on this basis. Since this 

compound has not  been studied i n  the crystall ine phase, work has been under- 

However, spectra of crystall ine samples of these compounds shaved 

taken t o  determine i f  the fluoride behaves i n  a manner comparable t o  the 

other oxalyl halides and t o  observe possible crystalline effects. 

The infrared spectra have been obtained for the sol id  and vapor phases 

and the Raman spectra f o r  the solid and l i q u i d  phases. The results will be 

presented and shown t o  be consistent w i t h  the presence of two isomers i n  the 
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f l u i d  s ta tes .  Also of particular in te res t  was the frequency for the internal 

tors i  onal osci 1 1 a ti  on . 
The vibrational' work on the series of compounds, (COCl)2 ,  (COBr)2,  and 

(COF)2, leaves l i t t l e  doubt that  there are two isomeric forms i n  the gas 

phase. 

one form which leads one to  the conclusion that the halogens provide a 

s tabi 1 i zing i n f  1 uence for the ci s conf i gurati on . Thi  s s tabi 1 i zati on can be 

rationalized on the basis of the relative magnitude o f  the non-bonded forces 

I t  i s  interesting that  glyoxal13 and & 3 - b ~ t a n e d i o n e ~ ~  exhibit only 

- 

between the halogens and the carbonyl group. 

Wilson24 found the s table  configurations of fluoroacetyl fluoride t o  be the 

For example, Saegebarth and 

- trans and the unexpected - c is  configuration. These data clearly demonstrated 
'. I 

the s tabi l iz ing influence o f  the fluorine-fluorine interaction. 

basi s one then expects! the ha1 ogen-subs ti tu t ed  oxalyl compounds t o  be the 

On this 
J 

most favorable fo r  the #observation o f  a - c is  isomer. 

Hencher and King's conclusion that oxalyl fluoride exists only i n  the 

trans formeo i n  a l l  phases demonstrates the importance of taking spectra of 

the s h i d  phase for  the detection of isomers. They used only gaseous 
I" 

- 

, infrared and l i q u i d  Raman samples to  obtain their vibrational data. The 

contamination of their  Raman sample also contributes to  the uncertainty of 

thei r v i  brati  onal assignment, Our sol i  d-phase work clearly demonstrates the 

structural difference that  exists between the r ig id  and f l u i d  phases of the 

oxalyl fluoride molecule. 

The apparent factor group s p l i t t i n g  of the C-C stretching vibration suggests 

tha t  there are a t  l eas t  two molecules per u n i t  cell .  From the mutual exclusion 

i t  was concluded that  the oxalyl fluoride molecule is centrosymmetric i n  the 

crystal and the molecules probably occupy ct sites, For molecules occupying 
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In an ea r l i e r  publication2* we reported the mid infrared spectra of 

gaseous and sol id  HNCS and DNCS. The assignment of the out-of-plane 

skeletal bending mode, v69 was stated to  be quite uncertain since the only 

apparent choice gave an extremely h i g h  frequency when compared t o  the similar 

motions of the HN3 and HNCO molecules, A t  the time o f  our i n i t i a l  investigat 

such sites , packing considerations suggest that  the most probable space groups 
would be D2h 10 , D2h 15 , C2h 5 or  c2h6 w i t h  two or four molecules per u n i t  cell. 25 

In view of the crystal space group for other molecules of similar structure 

e i ther  the monoclinic (C2h5) or  orthorhombic (D2h15) space groups could be 

expected t o  give a close-packed arrangement of molecules retaining Ci symmetry. 

A temperature study of the far-infrared spectrum of the so l id  showed that  

the 82 cm-’ band sharpens drastically w i t h  annealing and results from an inter- 

molecular fundamental 

sensitive so i t  was concluded tha t  this band was the torsional fundamental 

which shifted from 54 cm-lo Such a drast ic  shift  w i t h  condensation for the 

torsional oscil lation has been found for the glyoxal m ~ l e c u l e ’ ~  where the 

band shif ted from 128 cm-’ i n  the gas phase t o  192 cmgl i n  the solid. 

The 94 cm” band was not particularly temperature 

’. 8 

.I 

Attempts t o  obsedve the m i  crowave spectra of glyoxal 26 , diacety126, and 

oxalyl chloridee7 have *been unsuccessful However, the microwave spectrum 

of oxalyl chloride may be so weak due t o  quadrupole s p l i t t i n g  that  its 

observation would be extremely diff icul t .  Oxalyl fluoride, having only one 

isotope and no quadrupole moment, should represent a more ideal case; and 

I observation of the microwave spectrum would provide conclusive proof of the 

J 
(1 

existence of a - c i s  isomer. Thermodynamic properties have been calculated 

and are presented i n  Table ’8, 
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i t  was n o t  possible for us t o  obta in  the'Raman spectrum of this sl ightly 

colored material. I t  was expected t h a t  this N=C=S out-of-plane mode might  

have a reasonable polarizability change and thus be detected i n  the Raman 

effect .  Therefore, we have investigated the Raman spectra of solid HNCS and 

DNCS . 
Also, i n  the ea r l i e r  investigation three definite bands were observed 

i n  the spectra of the solids i n  the vicinity of v5 the N-H bending mode. 

No satisfactory explanation could be given for the i r  o r i g i n ,  a l though a 
Y 

tentative suggestion of l a t t i ce  modes was given. We have now investigated 

the l a t t i ce  region of the spectrum and evidence has been found for more 

t h a n  one crystal 1 i ne form, These. studies represent a con ti nua ti on of earl i e r  

investigati 0ns29-32 of ithe frequencies of the. l a t t i ce  vibrations of molecular 

crystals . 

> 

'. I 

.I 
I 

I 

The infrared and Raman spectra of polycrystalline HNCS have been recorded 

and a vibrational assignment i s  suggested for the s ix  internal fundamentals. , 

The previously unassigned out-of-plane skeleton bending mode has been tentatively 

assigned t o  the band a t  682 cm". The infrared and Raman counterparts of the 

, C=N stretching fundamental were widely separated which suggests t h a t  the 

a 

crystal structure may be centrosymmetric. 

for several 

Factor group spli tti ng was observed 

of the bands and was most apparent for the N-H bending vibration 

where four bands were clearly defined. On the basis of the observed factor 

group s p l i t t i n g  for v5, i t  would appear t h a t  HNCS has a t  least  four or eight 

molecules per u n i t  cel l  depending upon whether or  not i t  has an inversion 

center, The vibrational data also provides strong evidence for the existence 

o f  a t  leas t  two different crystall ine phases, and the vapor-solid frequency 

shift for  v1 suggests a relatively short N-H---N distance. Thermodynamic 

properties have been calculated and are presented i n  Table 2. 



FUTURE WORK (NGR-41-002-003-3) 

We are continuing our investigation o f  the vibrational spectra of small 

molecules which may be possible constituents o f  the Jovian atmospheres, The 

data will be used to  calculate thermodynamic properties, force constants and 

other useful molecular properties when possible. A t  present work i s  s t i l l  

continuing on 2,3-butanedi one, The v i  brati onal study o f  azomethane is 

nearing completion. The results of these studies will be i n  the next progress . 

report. We have also begun an investigation of oxalyl chloro-fluoride which 

is  a continuation i n  our study of molecules containing carbonyls. The results 

of this work should appear i n  a f u t u r e  report. 

'. I 

I 

. 
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Table I. Thermodynamic Calculations for‘trans-Oxalyl - Fluoride 

Temperature 273.15’ K 
Translational 39,098367 
Rotational ’ 24.681008 
Vibrational 7,667962 
Total 71 , 447336 

34,130442 
21 . 700643 

3,167059 
58.9981 44 

4,967925 
2 . 980365 
4.500903 

1 2 , 449 1 93 

4 . 96 79 25 
2.980755 
9.863568 

17 . 81 2248 

Temperature 3000000 K 
Translational 39 . 5641 67 
Rotational 24.960487 
Vibrational 8,633685 
Total 73.158338 

34.596241 
21,980088 

3.6 1 31 TO 
60,189499 

4.967925 
2.980400 ~ 

5,020515 
12.968839 

4.967925 
2 . 980755 

10,737274 
18,685954 

Temperature 400.00° K 
Translati  ma l  40 . 993350 
Rotational 25.81 7997 
Vibrational 12 . 1 10209 
Total 78.921 555 

36,025424 4.96 792 5 
2 , 980489 
6.802656 

14,751069 

4 , 96 792 5 
2,980755 

13.428474 
21 . 3771 54 

22,837508 
5,307553 

64,170485 

Temperature 500.00° K ‘ i  

Trans1 a t i  onal . 42.101910 

V i  brat i  onal 35.335226 
Total 83.920268 

Rotational I ?60 4831 33 
37.133985 
23.502592 
6 . 995009 

67.631 585 

4.967925 
2.980542 
8.34021 7 

16.288684 

4.967925 
2.980755 

15.462201 
23.41 0881 

Temperature 600.00° K 
Trans 1 a t i  onal 
Rotational 
V i  b ra t i  onal 7 
Total 4. 

43.007669 
2 7 . 026 589 
18.298959 
88,33321 7 

38,039744 
24d046012 

8.635555 
70.721 31 1 

4.967925 
2 . 980577 
9.663405 

1 7.61 1907 

4,967925 
2,980755 

17.029863 
24.978543 

Temperature 700.00° K 
Trans 1 a t i  onal 
Rotational 
Vibrational 
Total 

38.805553 
24.505472 
10.21 31 20 
73.5241 45 

43.773479 
27.486074 
21.019479 
92.279032 

4.967925 
2 . 980603 

10,806359 
18,754887 

4.967925 
2 , 980755 

18.247644 
26.196324 

Temperature 8000000 K 
44.436852 
27.884099 
23.520789 
95.841 740 

39 . 468927 
24.903477 
11 . 722402 
76.094806 

4.967925 
2.980622 

11 . 798386 
190 746933 . 

4.967925 
2.980755 

19.198901 
27.147581 

Trans 1 a t i  onal 
Rotational 
Vibrational 
Total 

Temperature 900.00° K 
Translational 
Rotational 
Vibrational 
Total 

45 . 021 989 
28,235181 
25,827027 
99.084198 

40.054064 
25.254545 
13,163157 
78.471 766 

4.967925 
2 . 980637 

1 2 . 663870 
20 e 61 2432 

4.967925 
2.980755 

19,947200 
27.895880 



Table I (Continued) 

Temperature 1000,OOo K 
Trans 1 a t i  onal 45.545413 40.577488 4,967925 4,967925 
Rotational 
Vibrational 

28,549235 25.56858'7 2.980648 2.980755 
27,960586 140 537574 13.42301 2 20.540998 

Total 102.055234 80,683648 21.371 585 28.489678 

* These calculations were made using the so l id  phase frequencies and assuming a l l  

vibrations t o  be harmonic, Assuming the following molecular geometry: 

r(C-C) = 1.50 A,,r(C-F ) = 1.35 A , r(C=O) = 1.18 A, CCO = 124eOo, and 
0 0 0 

CCF = lll,Oo; the moments of iner t ia  IA = 86.381034, Is = 139,567223 and 
< J  
.I 

"2 = 225,948259 (AMU) A were calculated and used i n  these calculations presented. IC d 

f 
1 

, 



TABLE I I. THERMODYNAMIC CALCULATIONS FOR HNCS 

Temperature 273.15' K 
Trans 1 a ti onal 
Rotational 
Vibrational 
Total 

Temperature 300.00° K 
Trans l a t i  onal 
Rotational 
V i  b ra t i  onal 
Total 

Temperature 400.00° K 
Translational 
Rotati m a l  
V i  b ra t i  onal 
To t a  1 

Temperature 500.00° K 
Trans 1 a t i  onal 
Rota ti ona 1 
V i  bra ti onal 
Total 

.I 

Temperature 600.00° K 
Trans l a t i  onai 
Rotational 
V i  b ra t i  onal 
Total 

Temperature 7OO.OO0 K 
Trans1 a t i  onal 

V i  b ra t i  onal 
Tota 1 

. Rotational 

Temperature 800.00° K 
Translational 
Rotational 
Vibrational 
Total 

Temperature 900.00° K 
Trans 1 a t i  onal 
Rotational 
V i  b r a t i  onal 
Total 

37.71 3905 
17.745080 

1 . 61 0823 
57.069808 

38,179704 
18 . 024560 

1.978319 
58,182583 

39 . 608887 
18.882070 
36366087 

61.857043 
J 

40.71 7447 
t9.547206 
4.689062 

64.953714 

41 . 623207 
20.090662 

5 . 9 1 4995 
67.628863 

42,389016 
20.5501 47 

7,049 1 64 
69.988327 

43.052390 
20,948172 

72 . 103645 
80 103084 

43,637527 
21.299254 
9.087226 

74,024007 

32 . 745980 
14.764851 
0.41 331 4 

47.9241 45 

33,211779 
15.044284 
0.536870 

48.792933 

34,640962 
15 . 901 674 

1.071 116 
51 e 61 3751 

35.749522 
16.566738 
1.663961 

53.980221 

36,655282 
17.1 101 47 
2.271652 

5 6 . 0 37080 

37,421 091 
17,569597 
2 . 8741 66 

57,864854 

38 084465 

3,462689 
59.514750 

17.967597 

38,669602 
18.31 8659 
4.033566 

61,021827 

4.967925 
2.980229 
1 . 197589 
9 . 1 45663 

4,967925 
2,9802 76 
1 . 441 449 
9.389650 

4.967925 
2 . 980396 
2.294971 

10.243292 

4,967925 
2 . 980468 
3.025 10 1 

10.973493 

4.967925 
2 . 9805 15 
3.643344 

11 . 591 784 

4.967925 
2.980550 
40 174998 

12.123472 

4.967925 
2.980575 
4.640395 

12,588895 

4.967925 
2,980595 
5 . 05 3660 

13.0021 80 

4.967925 
2,980755 
3,687530 

1 1 . 6362 1 0 

4.967925 
2,980755 
4.149779 

12.098459 

4.967925 
2.980755 
5.468653 

13,417333 

4,967925 
2.980755 
6.374718 

14,323398 

4.967925 
2 . 980755 
7,06974 

15.01 7954 

4.967925 
2.980755 
7,644926 

15.593606 

4,967925 
2.980755 

16.088356 
80 139676 

4,967925 
2 . 980755 
8.57001 0 

16,518690 



Table I1 (Continued) 

Temperature 1000.OOo K 
Trans 1 a t i  onal 44,160951 39 . 193026 4.967925 4,967925 
Rota ti onal 21.613308 18,632697 2.98061 1 2,980755 
Vibrational 10.010028 4.585553 5 , 424475 8.944992 
Total 75 . 784286 62 , 41 1275 13,37301 1 16.893672 

* These calculations were made using sol id  phase frequencies and assuming a l l  

vibration t o  be harmonic. The 

are: 

IA = 0.341000, IB = 85,899000, 
'. I 

f 
1 

moments o f  iner t ia  used t o  make these calculations 

= 86,454000 (AMU) i2 IC 

1 



APPENDIX I 

LOW FREQUENCY VIBRATIONS OF MOLECULAR CRYSTALSa 

Raman .and Far- infrared Spectra o f  HNCS and DNCS 

Abstract: 

have been recorded from 33 t o  4000 cm”. The‘ data have been treated i n  d e t a i l  

The i n f r a r e d  and Raman spectra o f  po lyc rys ta l l ine  HNCS and DNCS 

and a v ib ra t i ona l  assignment of the s i x  i n te rna l  fundamentals i s  suggested. 

The v ib ra t i ona l  data impl ies a very shor t  N-H---N distance o f  2.9 A.. The 
0 

subsequent s t ruc tu ra l  impl icat ions o f  such a strong H-bond are considered. 

Evidence was found t h a t  HNCS has two d i s t i n c t  c r y s t a l l i n e  phases and spectra 

have been recorded f o r  each form. 

fundamental suggests t h a t  the c rys ta l  has a t  l eas t  four o r  possibly e igh t  

molecules per  u n i t  c e l l  depending upon whether o r  no t  the c rys ta l  i s  centro- 

Factor group s p l i t t i n g  o f  the N-H bending 
If 

symmetric. Suggested assignments are given f o r  some o f  the l a t t i c e  modes. 
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* 4- 
-2- 

I NTRO DUCT1 ON 
i: B 

n an ea'rlier publication' we reported the mid infrared spectra of gaseous 

and solid HNCS and DNCS. 

mode, v 6 '  was stated t o  be quite uncertain since the only a p p a r e n t  choice 

gave an extremely h i g h  frequency when compared t o  the similar mations o f  the 

HN3 and HNCO molecules. 

The assignment of the out-of-plane skeletal ~ e n ~ i n ~  
c 

A t  the time of our i n i t i a l  investlgation, It was not 

possible for us to  obtain the Raman spectrum o f  this s l ight ly  colored matedal, 

I t  was expected t h a t  this N=C=S out-of-plane mode m i g h t  have a reasonable 

polarizabili ty change and 

we have investigated the Raman spectra of sol id  HNCS and  DNCS, 

thus be detected i n  the Raman effect, Therefom?, 

Also, i n  the ea r l i e r  investigation three definite bands were observed i n  

the spectra of the solids in the vicinity of v 5 $  the N-H bending mode 

satisfactory explanation could be given for the i r  origin, a l though a 

suggestion of l a t t i ce  modes was given. We have now investigated the lattke 

region of the spectrum and evidence has been found fo r  mow! t h a n  one crystal  

form. These studies represent a continuation o f  earlier investigatfo 

frequencies of  the l a t t i ce  vibrations of molecular crystals. 

* 
EXPERIMENTAL 

The sample of i sothi ocyani c acid was prepared by the sol id-phase r ~ ~ ~ ~ i ~ ~  

KSCN and KHS04 a t  2OOOC. 

the volati le products were trapped i n  a U-tube immersed i n  liquid nitrogen, 

HNCS which was liberated i n  the above reaction was purified by pumping on "&he 

collection tube a t  -8OOC fo r  a period o f  1 hour. 

of CS2' HCN and SO2 were removed, the sample was pumped on a t  O°C for an 

additional 10 minutes. The purified HNCS was maintained a t  a temperature o f  

-8OOC prior t o  use so as t o  preven,t decomposition and polymerization. 

deuterated isothiocyanic acid was prepared i n  a similar fashion by reactjng 

KSCN and KDS04. 

The reaction rnixture was connected t o  a vacuum lfrre 

To insure t h a t  a1 

The 

The isotopic purity of  DNCS was confirmed by i t s  mid ~ ~ ~ r ~ r ~ ~  



spectrum. , 

The Raman spectra of polycryst I l i  
/ I  

e HNCS and DNCS were recorded on a 

CarY Model -81 Raman spectrophotometer equipped w i t h  a Spectra Pkflics Model 

125 He-Ne laser.  

to study the samples a t  liquid nitrogen temperature. 

scanning times were varied t o  give t h e  optimum resolution and presentation 

and representative spectra may be seen i n  Figures 1-3. The instrument was 

calibrated w i t h  the emission lines from a neon lamp and the frequencies for 

a l l  sharp lines are expected to be accurate t o  +_ 2 cmel, 

A cold cel l  similar t o  t h a t  described by CarSson 

The sensl t fvl ty  and 
9 

The mid-infrared spectra were recorded on a Perkin-Elmr ode1 621 spec% 

meter, 

vapor, 
7 8 frequency region whereas the lower-frequency region was calibrated 

water vapor. 

The instrument housing was purged w i t h  dry a i r  La remva atmasphstrj 

The spectrophotometer was calibrated by using standard gases i n  the 

The spectra of the polycrystalline samples were obtained by IS 

The f a r  infrared spectra were recorded on a Beckman IR-11 spectrophotmter 
33 t o  500 cm-*+ The instrument was calibrated w i t h  atmospheric water ~~~~~ 

8 the assignments o f  Randall e t  a l  . 
was uti l ized t o  study the spectra o f  the s o l i d  samples and typical spectra 

seen i n  Figure 4, 

A cold cell9 which-has previously been 

The observed frequencies are summarized i n  Tab1 

RESULTS AND DISCUSSION 

Microwave investigations have suggeste8 t h a t  HNCS has i)l relati V ~ Y  $hn 

N-H bond distance. 

stretching frequency (3538 cm-’) observed for gaseous HNCS and the largd 

frequency s h i f t  which was found upon solidification (538  cm-’). 

an empirical expressior?’ which relates the vapor-so1f.d frequency shift 2: 

length of the N - H - - N  bond,  one calculates a very short N-H--N distance 04‘ 

2.95 8 fo r  solid HNCS. 

Such a resul t  appears t o  be consistent w i t h  the h 

By e ~ ~ l ~ y ~ ~  

Such a value implies a very strong hydrogen ~~~~ a 

a similar resul t  has been found for HNCO by X-ray studiesll.  
- -2” 
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In  HNCO the N-H--N separation i s  3.07 8 and the molecules are  l inked  
11 into inf in i te  zigzag chains by the hydrogen bonds . Although a Similar 

structure i s  expected for  HNCS, there has been no published da ta  on the 

crystall ine sample. 

taken t o  t r y  and determine whether or n o t  the crystal structure has a 

center of symmetry. In  principal vibrational spectroscopy can also provide 

information w i t h  regard t o  the number of phase transit ions by studying the 

spectra a t  various temperatures; furthermore, the observation of factor 

group sp l i t t ing  often permits the elimination of certain space groups from 

consideration. 

s 

As a result  the present vibrational study was under- 
4 

The emphasis i n  this study has, of course, been placed on the Raman 
study since the Raman spectra of th i s  samnle has yet  t o  be reported, 

T h u s ,  we shall discuss the Raman spectra of polycrystalline HNCS and DNCS 

i n  some detail  prior to  considering the low frequency infrared data. Et 

should be pointed o u t  t h a t  considerable diff icul ty  was experienced i n  obtain;. 

i n g  the respective spectrag and th i s  i s  thought t o  resul t  i n  p a r t  from sa 

problems. 

appearance, the reproducibility in band centers and re la t ive intensity pre- 

sented a formi dab1 e probl em. 

Thus, despite the fact  t h a t  the spectra almys had a similar 

Since HNCS i s  a planar molecule i t  has Cs symmetry and the 6 f u n d a ~ ~ t ~ l  

vibrations are permitted i n  bo th  the infrared and Raman spectra. The ~~~a~ 

v ib ra t ions  belong t o  the following irreducible representations: 5 a '  .t 1 a". 

The vibrations of a '  symmetry may be described approximately as: an W4-f. 

stretch ( v ~ ) ~  a C=N stretch ( v ~ ) ,  a C=S stretch ( v , ) ~  an in-plane C=N=S bend ( 

and an V - H  bend ( v 5 ) .  The onlv vibration o f  a" symmetry i s  the C=N=S o ~ t - ~ f -  
I '  

plane bend ( v 6 ) *  I t  should be noted t h a t  since v6 i s  the only vibration o f  8" 
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symmetry, the Teller- Redlich product rule predicts t h a t  i t should not 

s h i f t  upon, N-deuteration. B 

RAMAN SPECTRA 

The Raman spectra of HNCS have been reproduced in Figs. 1 and 2 whereas 

In F ig .  1 the spectrum is quite 
I) 

the spectrum of DNCS may be seen in F i g .  3 .  

simple and there i s  no apparent doubling of the two skeletal stretching ~~d~~ 

as was observed i n  the spectrum reproduced i n  F ig .  2 .  

each of the spectra of HNCS were obtained approximately an equal number o f  times 

and t h a t  i t  was n o t  actually possible to  predict when ei ther  spectrum would 

I t  should b i  noted that 0 

be observed. 

result  o f  the sampling d i f f icu l t ies  encountered. 

the low temperature Raman cell  i s  such t h a t  partial  annealing o f  the sample 

always occurs when the brass rod which contains the sample i s  placed against 

the l ight  pipe which i s  i n i t i a l ly  near room temperature. With thls deslgn, 

This was a very disturbing factor,  b u t  i t  i s  most l ikely a 

For example, the design o f  

different degrees o f  annealing always seem t o  resul t  and this . fS ~ r o ~ ~ ~ ~  

dependent on the amount of sample on the brass rod. 

spectral region i n  both Figs .  1 and 2 are so well defined, i t  is  thought tha,$ 

Because the low ~ ~ ~ Q ~ ~ ~ c ~  

each spectrum result: from a different crystall ine form rather than a "g'lass' 
. 

phase. 

shown i n  Fig. 2 with each made showing the expected s h i f t  factor,  Ma spec- 

trum of DNCS corresponding t o  t h a t  observed in Fig. 1 f o r  HNCS was ever ob- 

tained. 

The spectra of DNCS always appeared t o  correspond t o  the HNCS ~~~~~~~~ 

There i s  l i t t l e  question about the assignment of the N-H stretching 

fundamental since i t  has a well-established group frequency. 

a t  q,fjgf~ cm-' i n  HNCS sh i f t s  upon N-deuteration t o  2326 which conflrms the 

assignment t o  an N-H motion. 

frequency sh i f t s  resul t  from the formation of relatively strong hydrogen bonds, 

Thus  the band 

As previously noted the large vapor-solid 

The two skeletal stretching modes i n  HMCS may be approximately described 

as C=N and C=S motions, respectively. 

polarizabili ty change a n d ,  thus, should give r i s e  t o  relatively intense R 

These motions should involve a large 
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l ines.  

749 cm-’:, and similar frequencies were expected for  polycrystalli$e HNCS, . 

Therefore, the lines a t  1934 and 851 cm’l i n  Fig. 1 have been a t t ~ i b ~ ~ e ~  to  

the fundamentals in HNCS which involve primarily C=N and C=S motionsg resgectfv 

In addition to  the bands a t  1934 and 851 cm-l shown i n  F ig .  2 ,  l ines  were! 

also observed a t  2055 and 789 cm-’. 

for the origin of these bands.  

shown i n  F ig .  2 represents that  of a second phase of solid HNCS and the d ~ ~ ~ l ~ n ~  

of the two skeletal modes can be attr ibuted to factor group sp l i t t i nge  Also 1% 

For’KNCS the C=N and C=S stretching modes were observed12 a t  2053 and 

Several possible explanations can be given 

Foremost i s  the possibil i ty t h a t  the spectrum 

should be pointed o u t  t h a t  the spectrum shown i n  F i g .  2 may actually Be a 

composite of the spectra from two crystall ine modifications, 

the relat ive intensi t ies  of both doublets remain always the same, this alter- I 

native does not appear to be as  a t t ract ive as the former one. A t h i r d  possIb1 

Howeverp since 

explanation i s  t h a t  the different spectra are due t o  orientational phehom 

however, because of the polycrystal 1 i ne nature o f  the sample such an inter- 

pretation does not seem very probable. 
I 

The spectrum o f  dNCS i n  the region o f  the two skeletal stretching modes 
* 

i s  somewhat more complicated than that fo r  the “ l i g h t ”  molecule. The two rather 

s t rong  l ines a t  1874 and 1931 cm-’ both have h i g h  frequency shoulders (see Table 

Additional spl i t t ings have been previously reported for  other deuterium ~5~~~~~ 

so the increased complexity i s  not to ta l ly  unexpected13. The  two lines asstW+? 

t o  v3 are very similar for  both molecules b u t  the lines i n  both spectra w e  
considerably broader than those assigned t o  v2 and the addi t iona l  sp l i t t i ng  

would be much inore d i f f i cu l t  t o  detect fo r  v3a  



In conclusion, on the basis o f  the current evidenceg i t  seems certain t h a t  

two crystalline modifications of  HNCS exist  and the observed spectra ~ 0 ~ ~ s ~ ~ ~ ~  

t o  the two different phases. 

, 

ai 

The fact  t h a t  the low frequency region of the Raman spectra i s  negrly the 

Howeverl i f  the number o f  mole- same i n  Figs. 1 a n d  2 i s  somewhat surprising. 

cules per unit cell i s  doublinq then the in-and out-of-phase motions of the fnte 

molecular mdes may only cause a broadening o r  s l igh t  spl i t t ing o f  the l a t t i c e  

modes. 

i n  Fig. 2.  

Only the 103 cm-I l ine shows a definite spl i t t ing in the spectrum shown 

Unfortunately neither of the skeletal bendfng nor the N-H bending modes were 

observed in the Raman spectrum, 

mode would  n o t  be Raman active so apparently the presence o f  the hydrogen atom 

does n o t  provide  sufficient "perturbation" t o  give Raman activity t o  the skelet 

bending modes. 

For the l inear  "NCS" moiety, the skeletal bend1 

The N-H bending modes are frequently quite weak i n  the Ramp1 

effect 749lSa 

A summary of the frequencies observed for bo th  HNCS and DNCS are Siste 

Table 11. The low frequency lines a t  72 and 44 cm"' for the "light" molecule we 
- -1 observed a t  70 and 44 cm respectively, in the spectrum of  DRlCS. As suck these 

LI 

lines are attributed t o  motfons o f  translatory origin. 

cm'l f o r  HNCS appears t o  s h i f t  t o  85 cm" upon deuteration which  suggests t h a t  

i t  results from a librational mode. 

change w i t h  deuteration and  i s  believed t o  represent a stretching mode a f  

N-H---M hydrogen bond. This frequency i s  i n  the range obseryed f ~ t .  tkg 
0-H---0 bond and reflects the strength o f  the hydrogen bonding in HNCS, The 

ramifications df the Raman spectra on the crystal structure will be considered 

The l ine centered a t  95 

The band located near 200 cm" shows l i t t le 

in a l a t e r  section. 
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fz 
Mid- Infrared 

In Fig .  4 i s  shown the mid infrared spectrum of HWCS with repeated a ~ n e ~ ~ ~ n ~  

t o  b o t h  -l5OoC and - 1 1 5 O C .  The spectra were taken with a silicon substrate since 
the a1 kali halides in i t i a t e  decomposition’!’ The spectrum indicated as 8 ~ ~ o b a ~ ~ ~  

represents a glass since the sample was sprayed on the substrate ,, which was 

maintained a t  liquid nitrogen temperature, and i t  was n o t  annealed. 

spectrum represented in F ig .  4 Cis t h a t  of a sample w h i c h  was repeatedly annealed 

t o  -15OoC u n t i l  no further changes were noted in the spectrum, One readily notes 
t h a t  the N-H stretching mode sh i f t s  t o  lower frequency ~ and the skeletal s t re t  

mode a t  2008 Dracticallv disappears. 

served a t  900 and 502 cm” and a very complex absorption is  centered nea 

L 

The 

Also, relatively s t rong  bands ifre CI 

The spectyum reproduced i n  Fig.  4 D was obtained a f t e r  the ,sample was 

repeatedly annealed t o  -115’ C. The spectral changes are  again quite ~ ~ a ~ a ~ ~ ~  

since the shoulder a t  2060 cm-’ in Fig. 4 C i s  now an intense band, A~~~~~~~~ 

a new band i s  seen a t  682 cmm1 and the absorption centered near 457 cm-% c ~ n -  

s i s t s  of four sharp bands.  The bands a t  457 cmcl are believed to  resu 

the N-H bending fundamental. The fact  t h a t  four bands are observed ~~~~~~ 

Upon warming the sample 
v5 9 * 

t h a t  there are a t  l eas t  four mlecules per unit cel l .  

t o  i t s  melting point, and  then rapidly cooling it, the spectrum i n  FtgD 4 E 

results. The strong bands a t  1950 and 903 cm” have disappeared and 

bands have been assigned t o  the s ix  fundamental modes as may be seen i n  Table 

The most reasonable explanation o f  the  disappearance o f  the bands a t  

903 cm” i s  t h a t  more than  one crystalline phase was giv ing  rise to  the spectra 

i n  Figures 4 C-and D, whereas only a single phase results a f t e r  the sample has 

been annealed t o  fts melting p o i n t  (Fig. 4 E ) .  The frequencies observed fer 

the C=N stretching made (u2) i n  t h e  infrared and Raman spectra do n o t  c o ~ ~ ~ ~ $ ~ ~  

Such a result  suggests t h a t  the molecules are arranged i n  a centrosy 

fashion and thus, there may actually be a t  least  eight, rather t h a n  Toear 
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molecules per u n i t  ce l l .  
B 

I t  should be pointed out t h a t  the band a t  619 ern"' i n  each trace ~~~~~ 

i n  F ig .  4 results from the si l icon plate. The out-of-plane skeletal ~ ~ n ~ i ~ ~  

modes w h i c h  has not previously been observed, has been assigned t o  $he band 

a t  682 cm-'* Such an assignment appears reasonable since vs was o ~ t g f ~ ~ ~ ~ ~  

thought t o  be somewhere between 600 and 800 cm? 

frequency difference between the a '  and a" skeleton bending modes I s  rela- 

t ively large, the 682 cm-I band appeared i n  b o t h  Figs. 4 D and E and f t  may 

well be concea'led by the breadth  of the 770 cm" band i n  F i g ,  4 C, No reason- 

e$ 

a 

Despite the fa@ that  the 
L 

able combination or overtone assianment could be established for this band; 

furthermore, factor group s p l i t t i n g  does not appear realistSc on the basts 

o f  the observed s p l i t t i n g  of the N-H bending fundamental, On the basis o f  

Far- I n f ra red 

The far-infrared spectra o f  HNCS and DVCS may be seen 5n FIgs, 5 

Each spectrum was ob ta ined  from a freshly deposited sa respectively. 

which had  been annealed to different temperatures. 

appear to have some differences, on the whole there is  essentially a one-ta- 

one correspondence i n  the number of bands observed (see Table IV) ,, The 

spectra i n  Figs .  5 B and C are thought to  correspond, respectively, w i t h  thsss 

A1 though the spectra 

ay 
o f  the mid-infrared shown i n  Fig.  4 C and D. In Fig .  5 D, three bands ~~~~a~ , 

l"n the region of 150 t o  225 cm-', whereas only a single band was  so^^@^ %n 
the upper traces, although there i s  some indication o f  a shoulder near.160 

The lower frequency bands i n  a l l  three spectra appear to correspond, but the 

i s  an obvious intensity variation. The bands centered a t  195, 109, and 92 m- 

( f ig .  5 B) have been attr ibuted .to l a t t i c e  modes, whereas the bands fn the 
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500 cm-' region have previ usly been ascrib d fo v4 and v5*  The weak feature 

in the l o w  frequency spectrum of HNCS centered near 306 cmmf probably results 

from a mu1 tiphonon process 
BI 

In the spectrum o f  DNCS (see Fig. 6 B ) ,  the bands a t  200, 108,,and I38 CKI- 

are  believed t o  correspond t o  the bands of similar frequency i n  HNCS (Table 1 

The weak bands a t  329, 278, and 255 cm" may be a result o f  m u ~ ~ ~ ~ h o n o ~  ~~~~~~- 
tions. 

a 

The spectrum shown i n  F ig .  6 C i s  t h o u g h t  t o  correspond w i t h  t h a t  O f  5 

where one has again observed a greater multiplicity o f  bands fn the 150-200 

region. 

The fact t h a t  we obtained w h a t  appear to  be two different spectra ~ ~ ~ ~ @ § ~ s  

the spectral changes result  f rom distinct phases. The far .Pnft.ared bands 

of bo th  -isotopic species were quite distinct and in no instance did 

annealing result  in broad bands characteristic o f  the l a t t i ce  spectrum 

o f  a polymr o r  decomposed material. 

detai9ed report of the number and  structure of the phases in HNCS, tha 

analog ( H N C O )  i s  known t o  have two stable crystalline phasesll Thus i t  4s COR- 

cluded t h a t  when the isothiocyanic ac id  crystal i s  annealed to  -150°C a . p ~ ~ ~ ~ ~ ~  

we will designate as' Phase I1 i s  obtained, and is mainly represented by the 

spectra in Figs. 4 C and  5 B. When the sample i s  fuither annealed to  

a second crystalline phase i s  obtained which can be designated as Phase I ,  

The spectra in Figs, 4 D, 5 C and 6 B are all  believed t o  be ~ e p ~ e s ~ ~ ~ ~ ~ ~ ~ ~  o 

this phase. The spectra shown in Figs. 5 D and 6 C are also believed to  o 
nate f r o m  samples i n  Phase I ,  b u t  with different relative orientations 

H-bond i n  reference t o  the incident radiation, There can be l i t t l e  do 

the relatively strong band near 200 cm-' originates from the W-H---N s~~~~~~~~ 

motion a n d  -r't may be possible t o  grow crystals w i t h  different relative 

tions o f  this  bond i n  relation t o  the substrate. These ~ W O  types o f  ~p~~~~~ 

appeared randomly and neither spectra could be ob ta ined  p ~ ~ ~ ~ ~ n ~ ~ a ~ ~ y  by 

chinging the sampling techniques. 

Clearly, the far-infrared spectra o f  HNCS and WCS are vet+" t;l"i?rSaP*. 

Al though thew has been no 

As evidenced in Tables I and IV, the Isn 
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frequency infrared and  Raman bands do n o t  correspond exactly i n  f r e ~ u ~ ~ ~ ~ ~  

Because o f ’ th i s  fac t  and the previously mentioned sampljng problem, i t  is 
pi 

actually not possible 

-is l i t t l e  doubt these 

The infrared and 

t o  uniquely assign thfs spectral region, although them 

bands result  from external modes. 
8) 

c 

Summary and Conclusions 

Raman spectra of polycrystalline HMCS have been recorded 
e 

and a vibrational assignment i s  suggested for the six internal ~ u ~ d a ~ n t a l s *  

The previously unassigned out-of-plane skeleton bending mode has been ~~~~a~~~~~ 

assigned t o  the band a t  682 cm“. The infrared and Raman counterparts o f  the 

C=N stretching fundamental were widely separated which suggests tha t  the c 
A ”  

structure may be centrosymmetric. Factor group s p l i t t i n g  was observed for seve 

of the bands and was most apparent for  the N-H bending vibration where four 

were clearly defined. On the basis of the observed factor group spl5tting fo  

v 5 9  i t  would ap?ear t h a t  HNCS has a t  ’least four or eight molecules per 
u n i t  cell depending upon whether or n o t  i t  has an inversion center. The v9bm 

tional da ta  also provides strong evidence fo r  the existence o f  a t  least 

d i  fferent crystal 1 i ne phases and  the vapor-sol i d frequency shift f o r  v2  s u p  

gests a relatively short W-H---PI distance. 

_ _  

t 
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Table I .  Raman 
1 

Spectra o f  S o l i d  HWCS and DMCS e 

HNCS DN cs 
Phase f 

44 vs 
72 vs 

Phase I1 

44 QS 

72 vs 
95 s 

104 s 

Phase %I  

44 vs 
70 \IS 

85 5 

98 S h 4 W  

117 sh, m 
201 s 

103 s 

196 s 196 s 
312 w 

851 789 s "1 851 s 843 s 

930 w 
1059 w 
1295 w 
1440 rn 
1874 s.' 
1890 m 
1931 s 
1946 m ,  
2326 m 

1934 m 1 1934 m 
2055 rn 



Table 11. Mid Infrared Spectra of Solid HMCS (-199'C) 
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682 M 
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465 w 457 M 455 M 

500 S 

420 W 

1 )  not annealed 

427 W' 

410 VW 

2)  annealed t o  -150°C 

3) annealed t o  -115°C 

4)  annealed t o  -103°C ( M . P * )  

440 M 

421 M 
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o f  Solid HNG and DMCS Far Infrared Spectra 

HHCS HHCS HN CS 
C 

__I_ 

D 
_I_ 

92 W 

106 Pi 109 S 109 M loa w 
155 S 

195 \Is 195 \IS 195 S 200 vs 
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447 M 
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300 W 278 W 
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P V  

1 Vibrat ions oF I 
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I n f r a R d  S o l i d  

( cm- l)  

3008 
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Figure 2 

Figure 3 

Figure 4 

Figure 5 
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FI GUWE CAPTI ON$ 

Raman spectra o f  s o l i d  HNCS (-190%) phase X .  

(A )  Single s l i t s .  

(B] Double s l i t s .  

Raman spectra of s o l i d  HNCS (-59Oo6) phase I % ,  

a 

(A) Single s l i t s .  

( B )  Double s l i t s ,  

Raman spectra o f  solid DNCS (-190°C) phase $Is 
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APPENDIX I 1  

V i b r a t i  onal Spectra and Structure o f  Oxalyl Fluor ide 

i n  the S o l i d  and F l u i d  States 

- 

Abstract: The v ib ra t i ona l  spectra 

the s o l i d  phase and re-examined i n  

o f  oxaly l  f l u o r i d e  have been examined i n  

the f l u i d  phases,, From the disappearance 

of three major bands upon s o l i d i f i c a t i o n ,  i t  i s  concluded t h a t  there must be 

two isomeric forms i n  the vapor. The spectra have been assigned on the basis 

o f  two isomers; solid-phase frequencies were used f o r  the - trans fundamentals 

and bands unique t o  the f l u i d  s ta tes were assigned t o  the - c i s  isomer. The 

values observed fo r  the 'fundamentals i n  the s o l i d  are compared t o  those 

previously reported from studies o f  the f l u i d  states. The in te rna l  to rs ion  

was observed a t  54 cm-' ' i n  the vapor state,  and a b a r r i e r  t o  i n te rna l  

r o t a t i o n  o f  12.4 kcal/mole has been calculated. A comparison o f  the i n f ra red  

and Raman bands i n  the c rys ta l  shows t h a t  the mutual exclusion p r inc ip le  i s  

operative. 

I 

It i s  concluded from t h i s  a l ternate forbiddance t h a t  the molecule 

'has a centrosymmetric s t ruc tu re  i n  the c rys ta l  and t h a t  each molecule occupies 

a Ct s i te ,  The f a c t o r  group o f  the c rys ta l  1s bel ieved t o  be e i t h e r  C2h o r  

Dph w i t h  two o r  f o u r  molecules per p r i m i t i v e  cel  1 e 
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INT RODU CTI ON L 

1 

Molscules i n  the series of halogenated oxalic acids hava bean the subject 

o f  considerable controversy, with respect t o  the possibil i ty o f  - c i s  @r __I* trans 

structure, o r  both. I-* Recent work a t  th i s  laboratory has shawn oxalyl ~~~~~i~~ 

and bromlde" t o  exist i n  b a t h  isomeric forms in liquid and vapor phe$s!ii, MOW 

evers spectra of crystaHina samples of these compounds shuwsd complet6 conv 

t o  the trans form upon solidification. The l a s t  reported vipratlsnal study ne 
oxalyl fluoride concluded the malecole exis ts  i n  only the trans form, and the 

spectra were interpreted on this  basis, 

in the crystall ine phass, work has been undertaken t o  determine if the fluoridat 

behaves in a manner comparable t o  the other oxalyl halides wpd t o  ~~~~~v~ possible 

crystal 1 ins effects.  

6 

Since th i s  compound ha5 not  b e m  ~~~~~~~ 

'I ! 

The infrared spectra have been obtained for the solid aDd vapor phaisae snd 
the Raman spectrq for the s o l i d  and liquid phases. 

and shown t o  be consistent w i t h  the presence o f  two isomers in the f luid statas, 

Also of particular interest  was the frequency for the internal tarBfnna1 ~~~~~~~~~~~~ 

The results w*lll be ~r~~~~~~~ 

/ 

i 

EXPERTMENTAL TECHNIQUES a 

Oxalyl fluoride was prepared by the method given by Hencher and King.6 A 

s t i r r ed ,  wlth s l igh t  heatlng, solvent system o f  509 sulfolane and 26g NaF was 

for  %24 hr, under reduced pressure. After venting, a droppipg funnel cantain%ng 

~ 1 0  ml (COC1 ) z  was added t o  the system. 

system, collecting product in a liquid nitrogen trap.  Oxalyl chlorids was 

added dropwise w i t h  areflux column maintained a t  -5°C for  B time of  ~3 kr. 

The reaction was thpn run in B closed 

5lIgh.l; 

heating was begun-after a l l  the chloride had been added. I t  was 

pure (COF)* could be obtained i f  the temperature was raised very 

reflux was maintained. 
I 
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Infrared’ spectra for the vapor and solid phases were recorded on a Perkin- 

Elmer Model 621 spectrophotometer between 4000 and 200 cmcl and on a Beckman 

IR-11 batween 500 and 33 ctn” . Both instruments were purgad w i t h  dFy aJr and 

calibrated with standard gases 

cell equipped with cesium bromide windows in the mid-infrared region gnd I n  a 

Beckman 10-m variable-path gas cell equipped w i t h  palyethylene wlndows in the 

far-infrared region. 

Vapor-phase samples were contained i n  a 20-em 

* 

Spectra of the solid were obtained from t h i n  fjlms deposited 

i n  vacuum onto  a cesium 

Raman spectra were 

a helium-neon laser far  

iodide or sil icon plate cooled by boiling nitrogen, 

recorded with a Cary 81 spectrophotometer equipped w i t h  

excitation. The instrument wa$ calibrated with emission 

lines from a neon lamp over the spectral range 0-4000 cmC1* The liquid sample 

was sealed in a glasscapillary tube. The solid sample was prepared by spraying 

t h a  material on the end o f  a brass rod, cooled w - i t h  liquid nitrogen and then 

placing th i s  sample against a l ight pipe. 

RESULTS 

The infrared spectta o f  (C0F)2 vapor and solid are presented i n  Fig.  I ,  
b 

the Raman spectra of the liquid in F i g .  2 ,  and of the sol iq  in Fig.  3 ,  There 

are notable differences between the infrared spectra o f  vaRpr and solfsl samples, 

a t  least  three important bands essentially disappear upon sol idif icat ion (1897, 

1267, and 799 an-’; See Fig. 4 . ) .  The Raman spectra do not show th63 same ~ ~ n t r a s ~ *  

Oxalyl fluoride i s  a very poor Raman scat terer ,  

the spectra w i t h  a poor signal t o  noise level. 
6 those previously <pub1 i$hed by Hencher and King 

i n  t he i r  Raman study contained an impurity, b u t  

and i t  was pecessary t o  record 

Compari son p f  our rem7 t s  w i t h  

suggests t h a t  the sample used 

i t  does not appear t o  be oxalyl 

chloride fluoride, a l ikely suspect. Several bands they report 8s havling ~ o d ~ r a ~ $  
/ j  

I 

re lative intensi t ies  are not observed in our spectra a t  a l l .  

Raman lines a t  292 ( 6 ) >  565 ( 3 ) ,  and 627 ( 0 )  ( a  relative intensity o f  16 is 

For example, &he 
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l i s t e d  f o r  the 420 cm-l l i n e )  were no t  observed i n  our  spectrum. The 292 cm"' 

was almost w e - h a l f  8s i n tense  as the 420 cm" lib and i t  was asslgned as the  C 

m c k i n g  fundamental. The o n l y  pronounced disappearance o f  a band Prom t h e  Raman, 

spectrum i s  found a t  the 420 cmcl l i n e .  

components w i t h  f requencies of; 415 and 420 cma' w i th  the  h igher  frequency line b 

This  l i n e  i s  d e f i n l t e l y  m$de up o f  two 

"lss in tense.  Howewr, on l y  one Raman l i n e  was found i n  the spectrum of the sold 
b 

i n  t h i s  frequency range. The bands observed i n  s o l i d  o x a l y l  QluorQde are 6u 

i n  Table I ,  

'It i s  apparent f rom F ig .  1 t h a t  the i n f r a r e d  bands a t  1897, 1267 and 799 cmml 

disappear upon s o l i d i f i c a t i o n .  This can be made t o  occur as a stepwise  process, Ef 

the sample i s  condensed q u i c k l y ,  these bands appear i n  the s o l i d .  

sample i s  annealed t o  t h e  s t a b l e  c r y s t a l l i n e  s t a t e  these bpnds disappear, 

shows two steps i n  the  anneal ing process. Taking as fundapentals of t h e  - t r a n s  4 

those bands which remain i n  the  samples o f  good c r y s t a l l i n i t y ,  i t  i s  n o t  poss ib l  

those bands t h a t  disappear as d i f fe rences  tones, 

i n t e n s i t y  o f  d i f f e r e n c e  tones i s  a f u n c t i o n  o f  temperature o n l y  and n o t  a funct.9 

HBWeV&ro BS the 

Figure 

It shoul4 a l so  be noted t h a t  kh 

c r y s t a l l i n i t y !  There i s  one poss ib le  conclusion. These bands must be d u e 4  

l e s s  s t a b l e  form o f  o x a l y l  f l u o r i d e  and i t  i s  assumed t o  be the & .isomer, The! lsx 

a s i m i l a r  disappearance o f  bands from the Raman spectrummay i n d i c a t e  t h a t  the  j~&- 

e x i s t s  i n  low r a t i o  i n  the  l i q u i d  o r  i t  may merely be a consequence of the weak 

e n t i r e  spectrum. This  i s  n o t  f e l t  t o  be evidence aga ins t  two isomers, s ince  t h  

c u l t y  encountered i n  o b t a i n i n g  a good Raman spectrum o f  the  t rans  fundamentals Ju 

l i t t l e  hope o f  observ ing many o f  the  cis modes by t h i s  technique, Since 

of - c i s  o x a l y l  bromide and c h l o r i d e  were observed, i t  seems l i k e l y  that* . - t  

w i t h  the  f l u o r i d e  i s  q a i n l y  one o f  i n t e n s i t y .  The t rans  form should be the  must 

s t a b l e  con f igu ra t i on ,  cons ider ing  s t e r i c  and e l e c t r o s t a t i c  e f fec ts " ,  I f  one assti 

t h a t  t he  carbonyl double bond can be represented by two "bent"  single bonds,12 the 

the  t rans  con f igu ra t i on  i s  equ iva len t  t o  the  staggered form o f  ethane which i s ,  o f  

course, the more s tab le  fo rm.  

and i t  I s  n o t  expected t o  be near l y  as s tab le .  

Thus the - c i s  s t r u c t u r e  represents the  ec l i psed  For 
4 
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A cons idera t ion  of t h e  f requencies i n  the  i n f r i r e d  and Raman spec t ra  o f  t h e  

s o l i d  s t a t e  shows t h a t  the r u l e  o f  mutual exc lus ion  i s  ope ra t i ve  and the  mole- 

cu le  e x i s t s  e n t i r e l y  i n  t h e  t rans  con f igu ra t i on  i n  t h i s  phase. 

s t r u c t u r e  has n o t  been determined, b u t  i n  the  cases o f  bo th  the  c h l o r i d e  and 

bromide a cen te r  o f  i n v e r s i o n  i s  maintained i n  the  c r y s t a l ,  so t h a t  mutual 

exc lus ion  remains. It appears t h a t  t he  f l u o r i d e  molecules q l so  occupy Ci s i t e s  

i n  the  c r y s t a l  s ince  a one t o  one correspondence between t h e  i n t e r n a l  modes o f  

t h e  c r y s t a l  and those p red ic ted  f o r  the i s o l a t e d  molecule (c2h) i s  observed. 

The”crysta1 
c 

t 

Variable-temperature s tud ies  were attempted i n  t h e  i n f r a r e d ,  bo th  by 

r a i s i n g  and lower ing  the temperature o f  a gaseous sample fmm room temperature. 

Unfor tunate ly ,  n e i t h e r  method gave r e l i a b l e  in format ion on the value o f  the  AH 

f o r  t he  c i s - t r a n s  conversion. 

and there  was no consi5tency i n  the  - c i s  (1267) and t rans  (1097) peak r a t i o s .  

as the  temperature was ra ised.  Cool ing o f  the gas from room temperature t o  

-61OC produced on ly  s l i g h t  changes i n  the two peaks. Therefore, we were not 

Oxalyl  f l u o r i d e  decomposed an r a i s i n g  the  temperatu 

ab le  t o  c a l c u l a t e  the  thermodynamic q u a n t i t i e s  f o r  i somer iza t ion .  I 

t 

VIBRATIONAL ASSIGNMENT - t rans  ( C0F)2 - 
From group theory one p r e d i c t s  s i x  fundamentals (5  ag 3. b ) i n  t h e  Raman 

g 
e f f e c t  and s i x  normal modes (2a, + 4bu) i n  the i n f r a r e d  spectrum of t rans -oxa ly l  

f l uo r ide .  The s i x  i n f r a r e d  bands are  f a i r l y  r e a d i l y  d iscernab le  f rom the sol id-  

phase spectrum. 

461 cm-l, and the  weaker band a t  265 cm-I a r e  obv ious ly  fundamentals, The tsrsfe 

v i b r a t i o n  has been found i n  the  f a r - i n f r a r e d  spectrum o f  the s o l i d  a t  94 cm” (M 

I n  the  mid- in f ra red  reg ion,  the  s t rong  bands a t  1857, 1122, 67.5, 

and a t  54 cm-’ i n  the  spectrum o f  the  vapor (F ig .  6 ) .  

bands t o  choose from i n  the  spectrum o f  the s o l i d .  

There a re  no o t h e r  strong 

These i n f r a r e d - a c t i v e  ~ u n ~ ~  

mentals have been assigned as fo l l ows :  1857 t o  vg,  the  ant isymmetr ic C=O stretch 

1122 t o  v 1 0 ,  t h e  ant isymmetr ic  C-F s t r e t c h ;  676 t o  v l l o  the  a n t i s y m e t r i c  FCO ba 

461 t o  v69 t he  FCO out-of-plane deformat ion;  265 t o  v l 2 ?  ant isymmetr ic FCO rack; 
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and 94 t o  v7b the t o r s i o n .  

The case i s  l ess  conclus ive f o r  the Raman-active modes. A t  f i r s t  glance, 
P 

t he re  appear t o  be o n l y  th ree  main bands t o  be assigned as fundamentals. 

o f  the  small p o l a r i z a b i l i t y  o f  t he  f l u o r i n e  atoml3, modes i n v o l v i n g  f l u o r i n e  

mot ion are expected t o  g i ve  r i s e  t o  weak Raman bands, a phenomenon t h a t  i s  w e l l  

documented . 
The th ree  main Raman bands a t  1866, 812, and 420 cm-l a re  assigned, respec t i ve l y ,  

t o  VI,  vgr  and v5, the symmetric C=O s t r e t c h ,  C-C s t r e t c h ,  and symmetric FCO rock.  

The symmetric C-F s t r e t c h ,  v2, i s  observed as a weak band a t  1290 cm-’. 

a h ighe r  frequency than expected and the  C-C s t r e t c h  occurs lower than i n  

analogous compounds (see Table 11). 

observed a t  1018 ern-', and the C-C s t r e t c h  9310 i n  (C0C1)2 occurs a t  1093 cm-l 

and i n  (COBr)2 a t  1025 cm-l. The frequency s h i f t s  f o r  the C-F and C-C s t r e t c h i n g  

modes are apparent ly  caused by a p e r t u r b a t i o n  r e s u l t i n g  from the  C-F s t r e t c h  

f a l l i n g  a t  a frequency very c lose t o  t h a t  o f  the  normal C-C s t r e t c h i n g  motion. 

Both bands are s h i f t e d ,  one t o  a h ighe r  and the o the r  t o  a lower  frequency by,: 

approximately the  same -amount. The average o f  the observed frequencjes g ives  a 

value o f  1056 cm-’. 

f requencies and a lso  cons is ten t  w i t h  the value f o r  the  C-F s t r e t c h  of the  FCO 

r a d i c a l .  A s i m i l a r  assignment was g iven t o  these modes i n  the molecule ( c F ~ ) ~ C = C  

t he  Raman a c t i v e  symmetric C-F s t r e t c h  occu r r i ng  a t  1199 ern" w i th  r e l a t i v e  i n tens f  

5 and the  s y m e t r i c  C-C s t r e t c h  a t  766 cm-l, i n t e n s i t y  10Ol6. 

the  r e l a t i v e  i n t e n s i t y  o f  the  812 cm-’ Raman l i n e  the re  can be l i t t l e  doubt t h a t  

t h i s  band i s  d u e 7 t o  main ly  C-C s t r e t c h i n g  motion. 

these bands would r e q u i r e  the  asc r ib ing  o f  a l a r g e  p o l a r i z a b i l i t y  change t o  the  

C-F s t r e t c h i n g  motion. This i s  con t ra ry  t o  the exper imenta l l y  es tab l i shed data 

f o r  t h i s  normal mode. 

Because 

14 This l e d  t o  a more thorough search f o r  t he  weak fundamentals. 
I 

This  i s  

The C-F s t r e t c h  o f  the  FCO r a d i c a l 1 5  has bean 

This  i s  i n  l i n e  w i t h  the o t h e r  o x a i y l  h a l i d e  C-C s t r e t c h i n g  

On t h e  bas is  of 

The reverse assignment of 
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Two very weak bands a t  595 and 513 cm-l have b>en assigned t o  v4 and vas 

respec t i ve l y ,  ‘the s y m e t r i c  FCO bending and FCO out-of -p lave bending motions, 

These were the  on ly  two Raman bands observed i n  the frequeqcy reg ion  expected 
e 

on the  bas is  o f  e a r l i e r  s tud ies  (see Table 11). The assigqments of a l l  bands 

(combinat ion and fundamentals) observed i n  the  spect rum.of  s o l i d  o x a l y l  f l u o r i d e  

are  l i s t e d  i n  Table I and desc r ip t i ons  o f  the t rans  fundamentals a re  gjwen i n  

Table 111. 

As s ta ted  e a r l i e r  the t o r s i o n ,  u7, was observed i n  the  gas phase a t  54 cm 

A reduced moment o f  i n e r t i a  F value o f  0.672 cm” was ca l cu la ted  by (F ig .6 ) .  

t h e  method o f  P i t z e r 1 7  us ing  s t r u c t u r a l  parameters assumed by Hencher and King . 
These parameters l e d  t o  a b a r r i e r  t o  i n t e r n a l  r o t a t i o n  o f  12.4 kcal/mole, i n  

good agreement w i t h  the  b a r r i e r s  f o r  g lyoxa l  ,18 d i a c e t y l  l g Y 2 O  and o x a l y l  ch! 

which are, respec t i ve l y ,  13.7, 10.1, and 11.1 kcal/mole. These b a r r i e r s  app 

r e f l e c t  t he  r e l a t i v e  i n s e n s i t i v i t y  t o  subs t i t uen ts  o f  the  t o r s i o n  around the 

carbon-carbon bond fo r  these s u b s t i t u t e d  o x a l y l  compounds. Such insens i  t i w i  

s u b s t i t u t i o n  has been found f o r  t he  b a r r i e r s  t o  methyl r o t a t i o n  i n  the acety 

aldehyde de r i va t i ves .  The r e l a t i v e  values f o r  t he  V,, V2 and Vg terns Sn t h  

s e r i e s  expansion of the  i o r s i o n a l  p o t e n t i a l  energy f u n c t i o n  have n o t  been 

determined f o r  any o f  the o x a l y l  compounds. Such a de terminat ion  requ i res  t h m  

pieces o f  exper imental  datasand o n l y  one t o r s i o n a l  frequency and the  bH of 

i somer i za t i on  have been obta ined f o r  the o t h e r  two o x a l y l  ha l ldes .  

f l u o r i d e ,  on l y  the  t o r s i o n a l  frequency was obta ined and i t  i s  n o t  possible t o  

even g i ve  l i m i t s  f o r  the r e l a t i v e  magnitudes o f  t h e  expansion terms ias,#was done 

f o r  the bromide. 

. 

For  the 

VIBRATIONAL ASSIGNMENT - Cis  ( C O F ) *  

A p a r t i a l  assignment f o r  the I_ c i s  isomer has been made from the  bands 

observed i n  the  f l u i d  phases b u t  miss ing i n  the  s o l i d ,  

t he re  i s  on ly  one a d d i t i o n a l  Raman band. 

As mentioned earlier, 

For the  molecule w i t h  CZv ~ y ~ ~ ~ y ~  
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however, only ,two of the twelve vibrations, the a2'% are Rapan active only. 

The 5al ,'lbl ,and l b 2  modes are both infrared and Raman active.  

several combination bands t o  aid i n  t he i r  assignments, as well. 

There are 

Theethree 

prominent infrared bands a t  1897, 1267, and 799 cm", present only i n  thoe vapor- 

phase spectrum, have been assigned t o  the antisymmetric C=O stretch, aotisynametric 

C-F s t re tch ,  and the C-C s t re tch ,  respectively. 

3766 cm-l (gas only),  the symmetric C=O st retch can be calcplated t o  be approxi- 

mately 1869 cm-l (3766-1897=1869) and would be obscured by the trans band a t  

1865 cm-l. 

P branch i n  i t s  PQR s t ructure ,  and th i s  has been taken for  a cis fundamental, 

along with the  Raman band a t  415 cm-l. 

bend and the 415 cm" Raman l ine  t o  an FCO rocking motion. These la t ter  two 

assignments must be considered quite tentat ive and there apRears t o  be l i t t l e  

value i n  the speculation of the frequencies for  the remainirlg fundamentals of 

this isomer. 

modes of the - c i s  isomer does n o t  invalidate the conclusion %ha t  there are two 

isomers i n  the f luid sl;aJes o f  oxalyl fluoride since one rarely finds d i f fe ren t  

frequencies fo r  a l l  o f  the fundamental vibrations of a second isomer." 

are summarized the assignments for  a l l  o f  the observed bands in b o t h  the f lu id  

and solid s t a t e s .  

From the combination band a t  

The ull gas-phase band o f  the trans isomer appeqrs t o  have an "extra" 

The 664 cm-l band iq; assigned t o  an FCO 

However the lack of def ini te  assignments fo r  The other normal 

In Tatzle 

DISCUSS I ON 

The vibrational work on the ser ies  of compounds, (COCl ] , ,  (COBr)2 ,  and (COF) 

leaves l i t t l e  doubt t h a t  there are two isomeric forms i n  t h q  gas phase, 

interesting tha t  

one to  the conclusion t h a t  the halogens provide a s tabi l iz iqg influence for the 

- c i s  configuration. 

I t  is 

and 2,3-butadioneZ0 exhibit  only one form which  leads 

This s tabi l izat ion can be rationalized qn the basis of the 



ve magnitude 

For examp 
\ 

-9- 

of the non-bonded forces between .the halogens and the carbonyl 

e ,  Saegebarth and Wil son21 found the stable configurations 

o f  fluoroacetyl fluoride to  be the trans and the unexpected i cis confburation. 

These da ta  c lear ly  demonstrated the s tabi l iz ing influence of the fluorine- 

fluorine interaction. 

oxalyl compounds t o  be the most favorable for  the observation of a - c i s  isomer, 

Hencher and King's conclusion t h a t  oxalyl fluoride exis ts  only i n  the - trans 

On t h i s  basis one then expects the halogen-substituted 

6 form in a l l  phases demonstrates the importance of taking spectra of the sol id  

phase for the detection o f  isomers. 

Raman samples to  obtain t h e i r  vibrational data. The contamination of t h e i r  

Raman sample a1 so contributes t o  the uncertainty of their vibrational assignment, 

Our sol id-phase work clearly demonstrates the structural  difference t h a t  exgsts 

between the r i g i d  and f luid phases of the oxalyl f luoride molecule. 

They used only gaseous infrared and l iquid 

The apparent factor group sp l i t t i ng  of the C-C stretching v i b r a t i o n  suggest 

tha t  there are a t  l eas t  two molecules per u n i t  c e l l .  

i t  was concluded that  the oxalyl fluoride molecule i s  centrosymmetric i n  the 

crystal and the molecules probably occupy Ci s i t e s .  For molecules occupying 

such s i t e s ,  packing considerations suggest t h a t  the most probable space groups 

would be D2,, 

In view of: the crystal space group for  other molecules of similar structure 

e i ther  the monoclinic ( C 2 h )  o r  orthorhombic ( D 2 i 5 )  . space groups could be 

expected t o  give a close-packed arrangement of molecules retaining C g  symmetry. 

A temperature study of the far-infrared spectrum of the solid showed tha t  

From the mutual excluston 

* 

5 6 
, C2h o r  C2h 

5 

with two or four molecules per u n i t  cell. 15 
D2h 

the 82 cm" band sharpens drast ical ly  w i t h  annealing and resul ts  from an inter- 

molecular fundamental. 

so i t  was concluded that  this band was the torsional fundamental which shif ted 

from 54 cm-l. Such a dras t ic  s h i f t  w j t h  condensation for the torsional o sc i l l g t i  

has been found for the glyoxal molecule18 where the band shifted from 928 an-' i f a  

the gas phase t o  192 cm-' i n  the sol id .  

The 94 cm-l band was n o t  particularly temperature sensitt 



B 

\ 

Attempts t o  observe the microwave spectra o f  glyoxalz3, d i a ~ e t y l ~ ~ ~  and 

oxalyl chloridez4 have been unsuccessful. 

oxalyl chloride may be so weak due t o  quadrupole sp l i t t i ng  t h a t  i t s  obsbvat ion  

would be extremely d i f f i cu l t .  

However, the microwave spectrum of 

Oxalyl f luoride,  having only one isotope and 

no quadrupole 

the microwave 

___. c i s  isomer. 

moment, shoul 

spectrum wou’l 

d 

d 

represent a more ideal case; 

provide conclusive proof o f  

and observathon 

the existence o f  

O f  

a 

* 
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Table I .  Vibrat ional  Frequencies o f  S o l i d  Oxalyl F luor ide ,  

Inf ra red  ' Rela t ive  Ramanl Rela t ive  Ass 5 gnment 
v(cm- ) In tens i t y  av(crn'- ) I n t e n s i t y  

3709 

2389 

2348 

1962 

1922 

1897 

1857 

1842 
1825 
1820 

1777 

1541 

1274 

1260 

1122 

1085 

1070 

W 

W 

vw 

w 

W 

S 

Sh 
sh 
m 

VW 

vw 

vs 

S 

sh 

676 s 

1874 

1866 

1290 

838 

81 2 
799 

rn 

vs 

W 

W 

S 
m 

. 

v1 + v\ = 3723 
c 

v* + V I 0  = 2412 

v2 + V l l l  = 1966; 

v3  + v l o  

v1 + v6 2327 
c 

v1 d. v7 = 1960 

= 1934 

( r e s idua l  - c i s )  

v 2  + v4 = 1885 

v1 

v9 
t e r n a r y  combi n a t i  
i n  Fermi resonanc 
w i t h  vg. 

( r e s idua l  cis) 
v l 0  f v 5  = 1542 / 

v 2  
v 3  + v 6  E 1273 

v l l  + v 4  = 9271 ( 

10 
VI1 + v 5  = 1096 

v 3  + u 1 2  = 1077 

2v5 = 840 

v3 factor group spa 

v1 1 
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Table I (continued) 

488 glass band 

420 m 

461 

265 

94 

82 

57 m la t t ice(ghost)  ? 

Abbreviations: m ,  medium; s ,  strong; w ,  weak; v ,  very; sh, shoulder, 



\ 

Tab1 e I I .  Summary of the Fundamental Frequencies for trans-( COX)2 

Compounds in the Solid S ta t e ,  e ” 

e 

Symmetry Species and 

o f  the Normal Vibrations 
Approxi mate Des c r  i p t i on (cH0)2a (COCH3),b (C0F)2c ( COCl I2d (C08r+ 

1 

9 
a 

C=O s t r e t ch  
C-C s t r e t ch  
C-X s t r e t ch  
COX bend 
COX rock 

COX out-of-pl ane bend 
COX torsion 

9 
b 

COX out-of-pl ane bend 

U 
b 

C=O s t re tch  
C-X s t re tch  
COX bend 
COX rock 

1729 1719 1866 1762 
1078 1001 81 2 1093 
2882 693 1290 620 
1364 61 4 595 427 
551 380 420 287 

842 
192 

360 
66 

46 1 
94 

397 
55 

1050 526 51 3 44 
I 

.a 

1707 1706 1857 1769 
2890 943,910 1122 756 



TABLE I1 I .  FUNDAMENTAL FREQUENCIES OF trans-ONALYL FLUORIDE 
\ 

Vi bration 
No. 

v8 

Symmetry Species and 
Approximate Descri ption 
o f  Normal modes 

9 
a 

C=O s t r e t c h  

C-F s t r e t c h  

C-C s t r e t c h  

FCO bend 

F C O  rock 

F C O  out-of-pl ane bend 

t o r s i  on 

bg 
F C O  out-of-pl ane bend 

bU 

C=O s t r e t c h  

C - F  s t r e t c h  

F C O  bend 

F C O  rock 

Raman 
Sol i dl  

(cm" ) 

1866 

1290 

81 2 

595 

420 

51 3 

Q 



Table IV (cont inued)  e 

In f r a red (  cmW1 ) Raman (Ama1 ) 
Gas In tens i ty  Sol i d  In tens i ty L i q u i d  Sol i d  Ass? gnment 

1870 P 
1865 c t r  
1859 R 

1828 sh 

1599 R 
1593 c t r  
1587 P 

1509 

1313 sh 
1273 R 
1267 c t r  
1261 P 
1218 sh 
1202 sh 
1188 sh 

1113 
1097 
1084 sh 
1074 sh 

1878 sh 
S 1857 

1842 sh 
W 1825 sh 

1820 m 

vs 

vw 

1541 vw 

1384 

1278 1290 

W 
1273 

S 1260 

W 
W 
W 

S 
S 1122 

1087 
1070 sh 

805 R 
799 c t r  m 
794 P 

- 760 

vw 
vw 

vs 
S 

679 R 
673 Q 
668 P 
664 P 

676 S 

830 838 

804 81 2 

799 

v9 
B 

ternary ~ o r n b i ~ a ~ ~ o ~  ' 
i n  Fermi resonance 
w i t h  v9. 

2v3 (e) 
vlo + "5 

6 c i s  - 
- c i s 6  

v2 

( c i s )  v9 - 
__I c i s '  

- c is '  

0 
v11++ v5 
v3 "12 

v3 

v1 1 
v4 (cis) 



B 

\ 

Table IV, Vibrational Spectra o f  Oxalyl Fluoride 

i n  the Fluid and Solid States .  

Infrared( cm-’ ) 

3775 R 
3766 ctr  
3758 P 

3720 R 
3713 c t r  
3709 P 
3691 sh 

3633 R 
3627 c t r  
3621 P 

3554 

3145 sh 
31 29 

2982 sh 
2971 
2963 sh 

2926 

2673 
2665 

2527 

2363 

2315 R 
2309 c t r  
2304 P 

21 50 

1950 sh 

1897 sh 

W 

m 

w 

vw 

vw 

W 

W 

VW 

vw 

W 

vw 

W 

vw 

S 

3709 

2 389 

1962 

1923 

( 1897) 

W 

W 

w 

vw 

1882 

1867 

1874 

1866 
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Tab1 e IV . (continued) 
a 

Infrared(cm-’) Raman ( ~crn”~ ) ,Ass4 gnrnent 
Gas Intensity Sol id Intensity Liquid Sol id 0 -  

595 
6 

I_. 

553 
51 3 

483 488 glass 

51 0 
500 

vw 
VW 

42 1 

264 

54 

m 

W 

46 1 S 

420 

41 5 

265 

249 

420 

93. 

V s ( c i s )  

v5 

v1 2 
- c i  2 
v7 
9 a t t i  ce 

94 

82 
L 

57 lattice Q 

* 
Abbreviations: s g  strong; m, medium; w ,  weak, v, very; sh, shoulder; ctr, center, 
All bands not indicated as due t o  the cis isomer are due to the trans isomer. -I. 

- ’ Believed t o  arise from - cis fundamentals or combination bands. 
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Figure Captions 

Fig. 4 - Infrared spectra of oxalyl f luoride; upper curve, s o l i d  
lower curve, vapor phase. e3 

Fig.  2 - Raman spectrum of liquid oxalyl f luoride.  
P 

Fig.  3 - Raman spectrum of solid oxalyl fluoride. 

Fig. 4 - Steps i n  the annealing of a solid oxalyl f luoride sample; arrows 
indicate bands which disappear. 

Fig.  5 ., Far-infrared spectrum of solid oxalyl f luoride.  

Fig.  6 - Far-infrared spectrum of gaseous oxalyl fluoride. 
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